Introduction {#Sec1}
============

Assessing hypoxic conditions in glioblastoma, as the most malignant type of brain tumor, is an essential means of determining the biological characteristics of the tumor. For example, hypoxia in glioblastoma activates hypoxia-responsive elements such as hypoxia-inducible factors (HIFs), which lead to transcription of target genes including vascular endothelial growth factor (VEGF). VEGF induces angiogenesis and is also closely related to the proliferation and invasiveness of the tumor. Intratumoral hypoxic conditions are disadvantageous because relatively insufficient oxygen levels lead to low production of the peroxide radicals that induce DNA damage during radiotherapy \[[@CR1], [@CR2]\].

Positron emission tomography (PET) using hypoxic cell tracers offers an attractive method for detecting hypoxic cells because the modality is simple, minimally invasive, repeatable, and application is not limited to superficial tumors \[[@CR3]\]. Hypoxic cells in brain tumors have already been detected using PET with some hypoxic cell tracers. We have previously reported on the assessment of hypoxic regions in glioblastoma using PET with 1-(2-\[^18^F\]fluoro-1-\[hydroxymethyl\]ethoxy)methyl-2-nitroimidazole (FRP170) \[[@CR4]--[@CR8]\]. Similar to \[^18^F\]fluoromisonidazole (FMISO) \[[@CR9]--[@CR11]\], FRP170 is synthesized from 2-nitroimidazole. Clarification of whether proliferative activity is retained in regions showing high accumulation of 2-nitroimidazole derivatives including FMISO and FRP170 on PET would provide useful information for various areas of clinical interest, such as targeting regions for biopsy or removal of tumor, and assessing the biological effects of radiation \[[@CR12]\] and anti-VEGF antibody (bevacizumab) \[[@CR13]\] which are closely associated with intratumoral hypoxia and proliferation. The current study assessed proliferative activity within tumor tissues showing high accumulations of FRP170 using immunohistochemical staining for HIF-1α as a marker of cell hypoxia and Ki-67 as a marker of cell proliferation. Some reports have investigated the relationships between hypoxia and proliferation or glucose metabolism in tumor tissues \[[@CR10], [@CR14]--[@CR19]\], but this is the first report to compare areas of uptake on FRP170 PET with histological findings in patients with glioblastoma.

Materials and methods {#Sec2}
=====================

Patients {#Sec3}
--------

The present study was performed in accordance with the precepts established by the Helsinki Declaration. All study protocols were approved by the ethics committee at our institute (No. H22-70). Patients recruited to this study were admitted to our institute between April 2008 and May 2014. Patients met the following entry criteria for the study: ≥20 years old with untreated glioblastoma localized to cerebral white matter other than the brainstem or cerebellum; data available from FRP170 PET; and tumor tissues obtained surgically according to the study protocol; and voluntary provision of written informed consent to participate. Preoperative diagnosis was based on the present history and findings from conventional magnetic resonance imaging (MRI) on admission, and the final diagnosis of glioblastoma was made based on histological features after surgery. Thirteen patients (9 men, 4 women; mean age, 60.3 ± 13.1 years; range 31--76 years) were enrolled after excluding patients who did not meet the entry criteria. The main location of the tumor was the frontal lobe in eight patients, temporal lobe in two patients, parietal lobe in two patients, and occipital lobe in one patient.

FRP170 PET {#Sec4}
----------

Within 7 days before surgery for tumor resection, conventional MRI including gadolinium-enhanced T1-weighted imaging (Gd-T1WI) and FRP170 PET were performed on different days. FRP170 was synthesized using on-column alkaline hydrolysis according to the methods described by Ishikawa et al. \[[@CR5]\]. The final formulation for injection included normal saline containing 2.5 % v/v ethanol using solid-phase extraction techniques. Sixty minutes after intravenous injection of approximately 370 MBq (mean, 5.9 ± 1.8 MBq/kg) of FRP170, PET was performed using a PET/computed tomography system (Eminence Sophia SET3000 GCT/M; Shimadzu, Kyoto, Japan). PET scans were reconstructed using Fourier rebinning (FORE) + ordered subset expectation maximization (OSEM) with 4 iterations and 26 subsets, with the following conditions: field of view 256 mm^2^, matrix 128 × 128, pixel size 2.0 × 2.0 mm^2^, and slice sickness 2.6 mm. On FRP170 PET, regions of interest (ROIs) 10 mm in diameter were placed on areas of high accumulation (high-uptake areas, HUAs) and relatively low accumulation (low-uptake areas, LUAs) within the tumor and apparently normal cerebral white matter in the contralateral hemisphere, using the methods applied in our previous study \[[@CR4]\]. Before obtaining ROIs, we determined the cutoff SUV for differentiation of HUAs from other areas using the following method. We manually changed the cutoff value to between 1.3 and 5.0 to determine the appropriate value in each patient, while observing changes in the width of the red-colored HUA on FRP170 PET. When the red-colored HUA was around 10 mm in diameter, representing the same width as the ROI, we determined that value as the cutoff value for each patient. As a result, cutoff SUV ranged from 1.93 to 4.47 (mean, 2.31 ± 0.42) in all patients. ROIs for HUA and LUA were placed in tumor regions as close to the brain surface as possible, to allow easy and safe needle biopsy during surgery. The SUV for each ROI was determined automatically. Although we measured both mean and maximal SUVs in the ROI, the present study defined the mean value of the SUV as "SUV". Finally, the ratio of the SUV for the tumor to the SUV for normal tissue (SUV~T/N~) was calculated for each HUA and LUA.

Sampling of tumor specimens during surgery {#Sec5}
------------------------------------------

For each patient immediately before surgery in the operation room, we stereotactically identified the spatial locations for HUAs and LUAs on a superimposed image combined with a three-dimensional FRP170 PET image with Gd-T1WI, using a surgical navigation system (Stealth Station TRIA plus; Medtronics, Minneapolis, MN), and obtained tumor tissues from each region using previously reported methods \[[@CR4]\]. In all cases, the tumor was successfully removed after completing the procedures for specimen sampling.

Immunohistochemical staining of HIF-1α and Ki-67 {#Sec6}
------------------------------------------------

Tumor specimens obtained from intratumoral regions corresponding to an HUA and LUA on FRP170 PET images for all patients were fixed with 10 % formalin overnight and then embedded in paraffin. For both areas, paraffin-embedded tissue sections (3-μm thick) were collected on 3-aminopropyltriethoxylane-coated glass slides.

The extents of hypoxia and proliferation were estimated from immunohistochemical staining for HIF-1α and Ki-67, respectively. Dewaxed sections were pretreated in a microwave for 30 min in sodium citrate. These preparations were incubated in primary mouse anti-HIF-1α monoclonal antibody (clone, H1alpha67, 1:200; Novus Biologicals, Littleton, CO) and mouse anti-Ki-67 monoclonal antibody (clone, MIB-1, 1:100; Dako Japan, Tokyo, Japan) for 60 min. After incubation in primary antibodies, sections were incubated in peroxidase-conjugated reagents from EnVision kits (Dako Japan) as the secondary antibody, then immersed in diaminobenzidine/H~2~O~2~ solution for colored visualization of the reaction product. Finally, preparations were counterstained with hematoxylin. Positive staining indices for HIF-1α and Ki-67 were defined as the mean percentage of nuclear-stained cells in approximately 2,000 cells under light microscopy.

Statistical analyses {#Sec7}
--------------------

Mean values for SUV~T/N~ and staining indices for HIF-1α and Ki-67 were compared between HUAs and LUAs using the Mann--Whitney *U* test. Correlations between staining indices of HIF-1α and Ki-67 were estimated for each HUA and LUA using Pearson's correlation coefficient test. Correlations between SUV~T/N~ values of FRP170 at HUAs and Ki-67 indices in HUAs were assessed in all patients using Pearson's correlation coefficient test. A significant difference was defined as a *p* value \<0.05 in all analyses.

Results {#Sec8}
=======

Findings of FRP170 PET {#Sec9}
----------------------

In all patients, HUAs with high accumulation of FRP170 were partially seen in the intermediate layer between the deep layer surrounding the central necrotic region and the outer layer within the peripheral region of the tumor that was involved in region enhancement on Gd-T1WI (Fig. [1](#Fig1){ref-type="fig"}b). Fusion images combining Gd-T1WI with FRP170 PET provided localization of both HUA and LUA regions during surgery, and allowed successful sampling of tissues (Fig. [1](#Fig1){ref-type="fig"}c, d). No patient developed any complications due to FRP170 PET or tumor tissue sampling. Means (±standard deviation) SUV~T/N~ for HUAs and LUAs were 1.93 ± 0.47 and 1.24 ± 0.14, respectively. A significant difference in mean SUV~T/N~ (*p* \< 0.001) was found between HUAs and LUAs (not shown in figures).Fig. 1Gd-T1WI (**a**), FRP170 PET (**b**), and superimposed images combining Gd-T1WI and FRP170 PET (**c**, **d**), showing glioblastoma localized in the left frontal lobe in Case 13. On PET imaging (**b**), ROIs are selected in the HUA (*white circle*) and LUA (*black circle*). On superimposed images, HUA and LUA are depicted as *blue* and *green regions*, respectively. Locations of HUA and LUA were identified stereotaxically. Points of intersection of the *reddish bars* indicate targeted regions of HUA (**c**) and LUA (**d**)

HIF-1α and Ki-67 {#Sec10}
----------------

Mean HIF-1α indices were 48.2 ± 9.4 % in HUAs and 19.5 ± 7.5 %in LUAs. Mean HIF-1α index was significantly higher in HUAs than in LUAs (*p* \< 0.01, Fig. [2](#Fig2){ref-type="fig"}a). Mean Ki-67 indices were 29.8 ± 10.8 % in HUAs and 25.8 ± 10.8 % in LUAs. No significant difference in mean Ki-67 index was evident between HUA and LUA (*p* = 0.48, Fig. [2](#Fig2){ref-type="fig"}b). No correlations between positive indices of HIF-1α and Ki-67 were found in HUAs (*r* = 0.10, *p* = 0.73) or LUAs (*r* = 0.20, *p* = 0.49).No correlation between SUV~T/N~ values of FRP170 and Ki-67 indices at HUAs was found for any patients.Fig. 2Comparisons of HIF-1α index (**a**), and Ki67 index (**b**) between HUAs and LUAs

Discussion {#Sec11}
==========

In the present study, significantly higher means of both SUV~T/N~ of FRP170 and nuclear-stained-HIF-1α index in HUAs than in LUAs suggested that the HUA on FRP170 PET represents regions of hypoxic cells within glioblastoma. Both selective accumulation of 2-nitroimidazole derivatives (including FRP170) and nuclear expression of the HIF-1α protein represent active metabolism in barely surviving cells under hypoxic conditions. The former results from chemical metabolism such as a change in the nitroimidazole moiety to radical anions and covalent binding to intracellular macromolecules under hypoxic conditions \[[@CR6], [@CR8], [@CR20], [@CR21]\], while the latter is induced by cytological kinetics; HIF-1α protein is phosphorylated and translocated from the cytoplasm to the nucleus only under hypoxic conditions, where it binds to hypoxia-response elements upstream of HIF-1-regulated target genes \[[@CR22], [@CR23]\].

The present study showed no significant differences in mean Ki-67 index between HUAs and LUAs. This suggests that HUAs on FRP170 PET certainly include tumor regions retaining proliferative activity. As with our results, no significant differences in Ki-67 positivity were found between HUAs and LUAs on FMISO PET in a glioma rat model \[[@CR17]\] and non-small cell lung cancer \[[@CR18]\]. However, hypoxia would generally be expected to correlate inversely with proliferation, because the underlying primary cause of cell hypoxia within a tumor is considered to be a wrecked form after excessive oxygen consumption due to cell proliferation. Locoregional observations using immunohistochemistry have in some reports demonstrated an inverse distribution between hypoxic cells and proliferating cells \[[@CR14], [@CR19]\]. Thus, interpreting relationships between hypoxia and proliferation in malignant tumors appears quite complicated \[[@CR15]\]. In term of relationships on PET between tracers for hypoxia and proliferation in glioma, only two previous reports have been described, one in vitro \[[@CR15]\] and one in vivo \[[@CR10]\]. These investigations indicated quantitatively strong correlations in regional uptake values and visually identical distribution between HUAs of hypoxic cell tracers and proliferative activity within gliomas. Causes for the discrepancy that there can be both a co-existence and an inverse distribution between hypoxia and proliferation within a tumor have been reported as differences in experimental models \[[@CR15], [@CR16]\], biological heterogeneity within a tumor \[[@CR24]\], and hypoxia gradients depending on the distance from necrosis and/or blood vessels \[[@CR25], [@CR26]\]. These investigations suggest that proliferating potential is largely affected by hypoxic gradient within the tumor region being observed.

Although reasons why HUAs representing hypoxic areas included regions retaining proliferation in this study have remained unclear, one possible reason is that proliferative potential is likely to be retained in hypoxic cells if cells were not under severe hypoxia. Some previous reports have documented that the co-existence of hypoxic cells and proliferating cells might represent a subpopulation of proliferating cells only under 'intermediate' hypoxic conditions, although relationships between hypoxic and proliferating cells showed an almost inverse correlation in various cancers including brain tumor \[[@CR27], [@CR28]\]. Ranges of oxygen pressure (mmHg) in moderate/severe hypoxia, mild hypoxia in glioblastoma, and healthy brain tissue, have been recognized as 0.75--4, 4--20, and 20--100 mmHg, respectively \[[@CR29]\]. Accumulation of FMISO is reported to be increased when hypoxia of \<10 mmHg is present in tissue \[[@CR30]\]. HUAs on PET with 2-nitroimidazole derivative including FMISO and FRP170 might not only comprise moderately/severely hypoxic cells, but also mildly hypoxic cells in glioblastoma. The wide range of detectable levels of hypoxia on 2-nitroimidazole derivative might be one reason for proliferation within tumor tissue in HUAs representing hypoxia. Another possible reason is that hypoxia itself induces proliferation through activation of hypoxia-responsive elements such as HIF-1α which regulates some aspects such as proliferation, metabolism, and neovascularization \[[@CR31]\]. The present study, however, showed no correlation between HIF-1α- and Ki-67-positive indices, suggesting no simultaneous interaction between these two factors. Another possible reason is the influence of hypoxia on the cell cycle. Hypoxia induces cell cycle arrest or delays the cell cycle for tumor cell viability, increasing cell populations in the G~0~/G~1~ and G~2~/M phase \[[@CR32], [@CR33]\]. Accumulation of cells in states of arrested or delayed cycling could lead to a false proliferation rate and, consequently, might have shown co-existence of hypoxia and proliferation in histological observations.

Some limitations regarding the study results must be considered. First, the sample size of this study was small. Additional studies with a larger number of patients with glioblastoma are needed. Second, the SUV cutoff to determine the HUA on each PET was not fixed a standard value for all patients, because no cutoff value has been established for clear differentiation between HUA and LUA. Third, maximum SUVs in this study were not evaluated using an ROI smaller than 10 mm in diameter. We thought a simple protocol would be optimal in this study, combining mean SUV with histological features from a large ROI, as the risk of tissue sampling error would be greater in a small ROI than in a large ROI. Fourth, although this study suggested the co-existences of HIF-1α- and Ki-67-stained cells in HUAs, the co-expression or co-accumulation of both parameters in individual cells was not extensively evaluated. Further investigations examining the co-existence of two parameters for hypoxia and proliferation in individual cells may, therefore, explain the results obtained.

Conclusion {#Sec12}
==========

We observed immunochemical staining for HIF-1α and Ki-67 in surgical specimens sampled from each HUA and LUA on FRP170 PET in patients with glioblastoma. Mean HIF-1α-positive indices were significantly higher in HUA than in LUA, whereas no significant difference was observed in mean Ki-67-positive indices between HUA and LUA. That is, HUAs on FRP170 PET clearly represent hypoxic areas in glioblastoma, but HUAs does not necessarily suggest low proliferation potential even though proliferation is generally considered to be inversely correlated with hypoxia. Although we speculated about the reasons for this apparent contradiction, further research in this area needs to be accumulated.
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